In vaccinia virus-infected cell cultures, cellular protein synthesis was inhibited 50% at 2 hr postinfection (PI) and 80 to 90% by 4 hr PI. Input virus was responsible for this inhibition. Five early proteins, coded for by the viral genome, could be detected at 2 to 3 hr PI. Normally, their synthesis did not continue beyond 6 hr PI, at which time synthesis of a different set of proteins began. When DNA replication was blocked, synthesis of these early proteins continued until 9 to 12 hr PI. The bulk of the proteins which were incorporated into mature virus were synthesized at 8 hr PI and thereafter. The time of their formation was close to the time at which virus maturation occurred. However, 15% of the protein found in mature virus was synthesized early in the infectious cycle. The quantity of "early viral protein" which was not incorporated into mature virus was almost as large as the quantity of viral protein which did appear in mature virus. The "early" and "late" proteins could be shown to have separate and distinct immunological properties. The role of this large quantity of "early" protein is discussed.
In vaccinia virus-infected cell cultures, cellular protein synthesis was inhibited 50% at 2 hr postinfection (PI) and 80 to 90% by 4 hr PI. Input virus was responsible for this inhibition. Five early proteins, coded for by the viral genome, could be detected at 2 to 3 hr PI. Normally, their synthesis did not continue beyond 6 hr PI, at which time synthesis of a different set of proteins began. When DNA replication was blocked, synthesis of these early proteins continued until 9 to 12 hr PI. The bulk of the proteins which were incorporated into mature virus were synthesized at 8 hr PI and thereafter. The time of their formation was close to the time at which virus maturation occurred. However, 15% of the protein found in mature virus was synthesized early in the infectious cycle. The quantity of "early viral protein" which was not incorporated into mature virus was almost as large as the quantity of viral protein which did appear in mature virus. The "early" and "late" proteins could be shown to have separate and distinct immunological properties. The role of this large quantity of "early" protein is discussed.
The complex morphological structure of vaccinia virus can be demonstrated by electron microscopic examination (2, 6, 17) . A centrally located, electron-dense nucleoid body, two dense lateral bodies, a double membrane layer, a threadlike protein structure, and an outer membrane envelope are observed. Antigenic analysis has confirmed the complex structure which is revealed by the electron microscope. Eight precipitin lines have been observed after partial dissociation of purified vaccina virus (19) . In addition, when infected tissue is examined, an additional 10 precipitin lines are found that are distinct from those observed in the purified virus particle (18) . These findings are consistent with a viral genome of 1.6 X 108 daltons (16) .
The present study was undertaken to characterize more fully the various viral proteins and to establish the sequential pattern of formation of these proteins in a single cycle of virus replication. In addition, the relationship of deoxyribonucleic acid (DNA) replication to the synthesis of specific viral proteins was examined.
Previously, it was shown that at 4 to 5 hr postinfection (PI), and thereafter, there is an almost complete suppression of cellular protein synthesis (13) ; thus, at these times labeled amino acids are only incorporated into viral proteins. However, for the first 5 hr of the infectious cycle, there is continued synthesis of cellular proteins, and for this reason it is not possible to study the formation of early viral proteins directly. Several indirect methods which do not require the isolation of viral proteins have been used to study the synthesis of viral proteins at these early times. The levels of enzymes involved in the synthesis of deoxynucleotide triphosphates and their subsequent polymerization to DNA have been determined. The formation of thymidine kinase, which is induced in response to virus infection, commences 1 hr PI and is complete by 4 hr PI (5) . Similar kinetics of induction of enhanced levels of deoxynuclease and DNA polymerase have also been observed (4) . By use of the analogue p-fluorophenylalanine, a vaccinia virus protein whose synthesis does not start until 4 hr PI and whose formation coincides with, or precedes by no more than 0.5 hr, the formation of infectious virus has been demonstrated (10) . In contrast, when total viral proteins are examined by immunological procedures, a constant rate of viral protein synthesis is observed from 2 to 13 hr PI (13) . These indirect observations suggest sequential formation of vaccina viral proteins. Immunological procedures. The antiserum was prepared with purified vaccinia virus (8) which had been grown on the chorioallantoic membrane. Virus (5 X 108 PFU) was injected intradermally at 10 sites on the rabbit's back, and 1 month later the rabbit was given four intravenous injections (4 X 108 PFU per injection) at weekly intervals.
One sample of vaccinia antiserum, which was used in the agar diffusion studies, was furnished to us by G. Appleyard. His kindness and generosity are gratefully acknowledged. Procedures used for agar diffusion were those described by Crowle (1) . The quantitative precipitin procedure was described previously (12, 13) .
RESULTS
Time course offormation of total viral proteins. The antiserum used in these studies was prepared by inoculation of infectious virus into rabbits. After inoculation, there was active replication of virus in the rabbit, and so a full spectrum of antibodies to both early and later proteins was obtained. If virus replication induces the synthesis of new proteins coded for by the cell's genome, it is likely that these proteins would not be antigenic. Thus, the antiserum used would be expected to detect only those proteins coded for by the viral genome. However, it will not detect all of these proteins with equal efficiency. This will result from differences in the inherent antigenicity of the various viral proteins and from the fact that widely different quantities of viral protein are made and will stimulate production of variable amounts of specific antibodies.
The kinetics of viral protein synthesis were determined with cells infected in the presence of 5-fluorodeoxyuridine (FUDR) and then washed free from unadsorbed virus in the presence of the analogue. The culture was then divided, and thymidine (1O" M, final concentration) was added to one part of the culture. This concentration of thymidine reverses the effect of the inhibitor and permits the synthesis of a full yield of virus with normal kinetics of formation (15) . Uniformly labeled L-phenylalanine-14C (2 Ac/j.tmole; 0.01 mM, final concentration) was added to both cultures at 2 hr PI. At various times thereafter, equal samples were removed, and the incorporation of phenylalanine-14C into total protein was determined by precipitation with trichloroacetic acid. Incorporation of the isotope specifically into viral protein was measured by a quantitative precipitin test. The results presented in Table 1 and Fig. 1 demonstrate that, in the normal cycle of infection, the absolute quantity of viral protein made from 2 to 3 hr PI was as great as the quantity synthesized during any subsequent 1-hr interval. This finding was confirmed by the experiment with pulse labeling described below. By 13 hr, a time which is close to the completion of the infectious cycle, the rate of viral protein synthesis was decreased.
When viral protein synthesis was studied under conditions where DNA replication was completely inhibited, there was no significant inhibitory effect on the quantity of viral protein synthesized until 4 hr PI (Fig. 1) . Thereafter, the rate of viral protein synthesis was suppressed. The yield of viral protein synthesized by 13 hr PI in the absence of DNA synthesis was 54% of the quantity that was formed at the same time (completion of the virus cycle) in a normal infectious cycle. The above findings are in excellent agreement with results previously reported (13) .
The results of the experiment just described were confirmed by a similar experiment in which cultures similar to those used above were pulsed with uniformly labeled L-phenylalanine-14C for 1-hr periods throughout the infectious cycle. At the end of the labeling period, the cells were collected, washed, and analyzed to determine the total quantity of protein and the quantity of virusspecific proteins made during the 1-hr exposure period. The results are presented in aAdsorption of virus (input multiplicity 30 to 50 PFU/cell) and washing to remove unadsorbed virus were carried out in Eagle's medium containing 0.01 mM L-phenylalanine, 10-6 M FUDR, and 5% dialyzed horse serum. Cells were resuspended in the same medium at 4 X 106 cells per milliliter at 1.25 hr PI. The culture was divided, and thymidine (10-6 M, final concentration) was added to one part. The cells were collected at 37 C by centrifugation and resuspended at 2 hr PI in the same medium containing 0.01 mM L-phenylalanine-U-'4C (2 ,uc/,gmole). Samples were removed at the indicated times. Cells were collected by centrifugation, resuspended in phosphate-buffered saline, and sonically treated. Trichloroacetic acid was added to one portion. A second portion was centrifuged at 900 rev/min for 15 min, and the quantity of viral protein in the supernatant fluid was determined. An indirect precipitin reaction has been used in which vaccinia virus immune rabbit serum (or preimmune rabbit serum) was first added to infected cell sonic extracts, and then a sheep-antirabbit -y-globulin antiserum was added. The quantity of preimmune serum was adjusted so that the total quantity of protein in the final antigen-antibody precipitate was the same as that obtained with the immune serum.
b The incorporation into viral protein was calculated by subtracting the preimmune from the immune, and correcting this for the fraction of viral protein nonspecifically precipitated by the preimmune serum.
Assuming viral and cellular proteins to be nonspecifically precipitated to the same extent, the equation is: viral protein = immune -preimmune preimmune total (trichloroacetic acid) The validity of the above assumption is shown by the fact that the same fraction of total counts is precipitated by the preimmune serum in both the infected and uninfected cultures.
c The uptake of L-phenylalanine-U-'4C was determined with uninfected cells that had been manipulated in the same manner as the infected cells.
d The per cent inhibition of cellular protein synthesis is based on the increment between consecutive time periods rather than on the total amount of newly synthesized protein.
at the later times (4 to 10 hr PI) was confirmed in this experiment. In the presence of DNA synthesis, at 4, 6, and 9 hr PI, 64 to 72% of all protein that was made was shown to be viral protein.
At the end of a 1-hr period of isotope incorporation, some of the labeled precursor is found in incomplete chains, and in viral protein which has not assumed a proper immunological configuration. The quantitative precipitin procedure would not be expected to detect isotope incorporated into these proteins. As much as 74% of the isotope could be directly demonstrated as present in immunologically detectable viral protein. It seems likely that the isotope which is not precipitated is also present in viral proteins, but fails to react for the above reasons. In both this and the preceding experiment (Table  1) , the fraction of the newly synthesized protein which was specifically precipitable with vaccinia antiserum was less when DNA synthesis was blocked than in a normal cycle of infection. Two possible explanations may account for such results. (i) In the absence of DNA replication, cell protein synthesis may not be as effectively inhibited as in its presence. (ii) The inhibition of cell protein synthesis may be the same under either condition for virus replication, but there may be continued synthesis of only the early proteins when DNA synthesis is inhibited, and these early proteins are not as effectively precipi-tated by the antiserum as are the late proteins. Of the two possibilities, the latter seems the more probable. This is inferred from the fact that the kinetics of inhibition of cell protein synthesis is similar under both conditions of virus replication (see below).
Inhibition of cellular protein synthesis resulting from virus infection. In infected cultures, the difference between the total incorporation of isotope into protein and the quantity of isotope in viral protein which is specifically precipitated by antiserum (see Table 1 ) gives a measure of the quantity of cell protein that continues to be synthesized. In Fig. 2 Kinetics of formation of proteins that are incorporated into mature virus particles. One method of showing that the designation of proteins as either "early" or "late" proteins is a meaningful biological classification is by examination of mature virus particles isolated after pulsing cultures for different times in the infectious cycle. L-Phenylalanine-'4C was added at 2 hr PI to a series of replicate infected cultures. At different times thereafter, a 100-fold excess of the unlabeled amino acid was added to stop further incorporation of isotope. At 24 hr PI, all cultures were harvested, and purified vaccinia virus was isolated (8) from each sample. The results are shown in Table 3 . Of those proteins incorporated into mature virus particles, 74% were made at 8 hr PI and thereafter. The time of synthesis of these proteins was similar to the time at which maturation of virus occurred (90% of the infectious virus was synthesized between 8 and 14 hr PI). However, 65% of the total quantity of viral protein was synthesized prior to 8 hr PI (see Fig. 1 ). It a Virus was purified as described previously (8) . The optical density at 260 m, and the incorporation of isotope into the purified virus suspension were measured. Optical density unit, 1 ml of material with an optical density of 1 (at 260 mg, 1-cm light path).
negative to prepare an enlargement. The microscope slide was then placed in contact with X-ray film which was developed after periods of exposure for 1 to 6 days. The X-ray film was also used to prepare an enlargement of identical size to that prepared with the microscope slide. The results are shown in Fig. 3 . By using longer periods for diffusion, a more complex pattern of viral antigens was obtained, and several components which appeared as single precipitin lines could be shown to be made up of two or more species of protein.
(For example, it is shown that VP-6 is made up of at least two components, and, under appropriate conditions, they are resolved.) We have, however, limited ourselves to these data for clarity in presentation, and, as will be shown, these problems of heterogeneity do not bear on the conclusions that are drawn.
Visual inspection of the protein pattern in Fig. 3A reveals a relatively simple pattern at 2 to 3 hr PI. Under optimal conditions, five bands could be observed at that time. VP-1 was not readily seen in the protein pattern (Fig. 3A) , but its presence was clearly revealed in the radioautograph (Fig. 3B) . By 6 to 7 hr PI, the protein pattern was more complex, and changed only slightly thereafter. The fusion of two precipitin lines from adjacent samples made it possible to recognize common antigens which were present at different times. One common antigen, which is designated VP-6, was present at 6, 9, and 13 demonstrates that protein VP-1 was synthesized by 2 to 3 hr PI. Although protein VP-1 was present in the cultures at later times, there was no evidence of its synthesis at these later times. VP-2 was synthesized at 2 and 6 hr, but not at 9 and 12 hr. By tracings with a Joyce Chromascan (unpublished data), it was observed that VP-3, which was present at 2 and 6 hr, was not present at the later times. VP-6 which was seen at 6, 9, and 12 hr was synthesized at each of these times. The results of a similar experiment with proteins obtained at different times after infection in the absence of DNA replication are shown in Fig.   4 with the corresponding radioautograph. It is VOL. 1, 1 967 clear that VP-1 and VP-2, which are made at 2 to 6 hr in a normal cycle, under these conditions continued to be made for 9 hr (and also for 12 hr). Characterization of VP-1 and VP-2 in Fig. 3 and 4 was carried out by agar diffusion, in which those samples shown in Fig. 4 were placed in wells and the samples from Fig. 3 were placed in the alternate wells. Fusion of precipitin lines established their common identity. An additional protein, VP-5, which is not observed easily in Fig. 3 , can be seen in Fig. 4 . In the absence of DNA synthesis, it continues to be made for the 9-hr period. DIscUSSION Previously, we reported that a block in the normal transport of cellular RNA from the nucleus to the cytoplasm results from vaccinia virus infection (11) . Under these conditions, cell protein synthesis would only persist until that mRNA which was present in the cytoplasm at the start of the infectious cycle had been degraded. In the present study, it is shown (Fig. 2 ) that in infected cultures, by 4 to 5 hr PI, cell protein synthesis is inhibited 90%. A rapid inhibition of cell protein synthesis is also observed when viral DNA replication is blocked. The half-life of mRNA in HeLa cells has been reported as 3 to 4 hr (7). The speed with which inhibition of cell protein synthesis is achieved in vaccinia-infected cultures indicates that mechanisms besides an inhibition in the transport of cellular mRNA from the nucleus to the cytoplasm operate to inhibit cellular protein synthesis. Cell protein synthesis is also inhibited when cells are infected with vaccinia virus in the presence of actinomycin D (14) . It follows, therefore, that the inhibition of cell protein synthesis is controlled by the input virus.
The study described in the present paper depends upon the preparation of an antiserum which can detect all classes of viral protein. This is possible with vaccinia virus, since there is virus proliferation after the injection of virus into rabbits. Further, by preparing antiserum in rabbits with purified vaccinia virus which had been grown in eggs, antibodies against HeLa cell proteins were not formed. This was shown by the absence of precipitin lines when proteins from uninfected cells and viral antiserum were examined by agar diffusion. Proteins which are elicited by virus infection but are coded for by the cell's genome would not be expected to be antigenic. This latter point is important, since it enables us to examine only those early proteins which are coded for by the viral genome.
By use of the quantitative precipitin reaction, it was shown that viral protein synthesis proceeded at a linear rate in a normal cycle of infection starting at 2 hr PI. Although it is clear that the proteins which are synthesized early are distinct from those formed at the later times, the biological role of these early proteins is not clear. The levels of several enzymes involved in the replication of DNA are enhanced after virus infection (4, 5) . It At the early times, the pattern of protein synthesis in a normal cycle of infection is almost identical to that observed in the absence of DNA synthesis. At the later times in the normal cycle, however, a new spectrum of proteins is made. In contrast, in the absence of DNA synthesis, early proteins continue to be made throughout the 12-hr period we have examined. Thus, inhibition of viral DNA replication inhibits the proper functioning of a switch-off mechanism which normally operates to block synthesis of early proteins beyond 6 hr PI. This inhibition also restricts gene expression to a more limited part of the viral genome than would occur in a normal cycle. In order for a normal sequence of events with proper functioning of the switch-off mechanism to occur, we believe that there is a requirement for viral DNA replication rather than a need to achieve some critical level of DNA. The fact that failure of the switch-off mechanism is observed at different input multiplicities in the absence of DNA synthesis supports this idea. However, during a cycle of virus replication, there is a 100-to 500-fold increase in viral DNA, so the possible role of critical levels of DNA cannot be completely ruled out by adjusting the multiplicity of infection. This especially is true because the late proteins are made at 6 hr PI and thereafter, and viral DNA replication is complete by 6 hr PI (9) . DNA synthesis is complete by 6 hr, and those proteins which are incorporated into mature virus are made after this time. Thus, the pattern of proteins synthesized when viral DNA replication is inhibited by FUDR at the start of cycle, and the pattern obtained when it stops in a normal cycle of infection, are clearly distinct.
A possible unique role of the input virus, as distinct from progeny virus, is suggested by these studies. The input virus is capable of coding for early proteins, and can synthesize large quantities of these proteins. Whether, in a normal cycle of infection, progeny virus also performs this same function or whether this role is restricted to the input virus is not presently known.
